INTRODUCTION
Dyskeratosis congenita (DC) is a genetic disease that leads to a wide spectrum of disorders. Bone marrow failure accounts for the majority of fatalities of affected individuals. To date, mutations in six genes have been linked to about half of DC cases indexed in the Dyskeratosis Congenita Registry (London, UK). However, the genetic abnormalities of the remaining cases have not been identified. All six genes share a common feature: they all have a function in the telomere/ telomerase pathways and are considered to be responsible for telomere erosion or inefficient telomere elongation/maintenance by telomerase, leading to bone marrow failure (1) (2) (3) (4) .
One of the six genes linked to DC encodes TIN2, a protein of the shelterin complex that regulates and protects telomeres at the ends of eukaryotic chromosomes (5 -7) . Two other genes encode essential components of telomerase: the reverse transcriptase enzyme (hTERT) and the RNA component of telomerase (hTR) that contains the template for the addition of TTAGGG telomeric repeats by hTERT (8) . While the 5 0 half of hTR adopts a conserved pseudoknot structure that harbors the telomeric template in all eukaryotes, its 3 0 half folds into a hairpin-hinge-hairpin-tail structure that is similar to that of H/ACA small nucleolar (sno) RNAs and small Cajal body-specific (sca) RNAs, and this region has been coined the H/ACA-like domain (9 -13) . H/ACA snoRNAs and scaRNAs mainly serve as guides for the pseudouridylation of rRNAs and snRNAs, respectively (14 -16) . They adopt a common fold that consists of a hairpin followed by a single-stranded hinge containing box H [consensus sequence ANANNA, where N is any nucleotide (nt)], another hairpin and a single-stranded tail with the ACA box located three nt from the 3 0 end (17, 18) . Although no pseudouridylation target has been found for the H/ACA domain of hTR, this domain is essential for telomerase stability and accumulation in vivo (8) 825-836 doi:10.1093/hmg/ddp551 Advance Access published on December 15, 2009 DC encode the pseudouridine synthase dyskerin (19) , NOP10 (20) and NHP2 (21) , which form a trimer that assembles with H/ACA sno/scaRNAs and the 3 0 domain of hTR (22 -26) . While the transmission mode of DC is autosomal dominant for TIN2, hTR and most hTERT mutations, the X-linked form of the disease caused by mutations in dyskerin as well as autosomal mutations in NOP10 and NHP2 are recessively transmitted (1) .
There is evidence that, together with the nuclear assembly factor 1 protein (NAF1), the dyskerin-NOP10-NHP2 trimer packages nascent H/ACA RNAs at their transcription site to form inactive precursor RNPs (pre-RNPs). All four pre-RNP protein components are essential for the accumulation of H/ ACA RNAs, including hTR. The presence of NAF1 in the pre-RNPs is transient. Indeed, GAR1 is substituted for NAF1 by an unknown mechanism to produce mature, active H/ACA RNPs, which localize in Cajal bodies and nucleoli (24,25,27 -33) . All DC patients harboring mutations in dyskerin, NOP10 or NHP2 have markedly reduced cellular levels of hTR, and short telomeres (1) .
With the exception of NAF1, homologs of dykerin (aCbf5), NOP10 (aNop10), NHP2 (L7Ae) and GAR1 (aGar1) are found in Archaea, where they assemble with small RNAs (sRNAs) that are homologous to eukaryotic H/ACA RNAs. Archaeal sRNAs assemble directly into active pseudouridylating sRNPs, reflecting a simpler cellular organization. Most protein-protein interactions are conserved between homologous eukaryotic and archaeal proteins, although some adaptive changes have occured in Eukarya. For instance, human dyskerin contains additional terminal extensions not found in aCbf5. In both domains of life, NOP10/aNop10 bridges dyskerin/aCbf5 and NHP2/L7Ae to form a trimer that provides a composite RNAbinding surface for RNP assembly. Although L7Ae alone binds specifically to the K-turn motif present in hairpin loops of sRNAs, NHP2 alone binds RNA non-specifically and does not recognize K-turn motifs, which are not found in eukaryotic H/ACA RNAs (15, 16) . However, NHP2 binding to H/ACA RNAs was shown to be specific within the rat dyskerin-NOP10-NHP2 trimer (22) and the human NAF1-dyskerin-NOP10-NHP2 tetramer (23) . In addition, while aCbf5 directly binds to H/ACA RNAs in vitro, the protein trimer dyskerin-NOP10-NHP2 is the minimal RNA-binding surface required for in vitro assembly of mammalian H/ACA RNPs.
We recently showed that NAF1 requires the trimer dyskerin-NOP10-NHP2 in order to be efficiently assembled onto the H/ACA domain of hTR and other H/ACA RNAs in vitro. This system proved useful to assess the effects of DC mutations located in the H/ACA domain of hTR on pre-RNP assembly (23) . Here, we used the same system to investigate the effects of recessive DC-linked mutations in dyskerin, NHP2 and NOP10 on the NAF1-dyskerin-NOP10-NHP2 interactions, and H/ACA pre-RNP assembly. We found that recessive DC mutations in dyskerin, NHP2 and NOP10 caused different defects in the assembly of H/ACA pre-RNPs.
RESULTS
Our in vitro system consists of 35 S-labeled proteins produced in rabbit reticulocyte lysate (RRL) that are incubated with in vitro transcribed 32 P-labeled H/ACA RNAs. Formation of the complexes (protein complexes or RNPs) was monitored by a series of immunoprecipitation experiments. We found that immunoprecipitation against NAF1 was the best way to analyze the assembly of pre-RNPs. Indeed, NAF1 is not present in mature H/ACA RNPs and it requires the protein trimer dyskerin-NOP10-NHP2 to be efficiently incorporated into pre-RNPs. This requirement apparently applies to most H/ACA RNAs, with the exception of the processing snoRNA U17, which does not require the dyskerin-NOP10-NHP2 trimer to associate with NAF1 (23) . We showed that proteinprotein and RNA -protein interactions are specific in this system, therefore, protein and RNA negative controls were not included in this study.
DC mutations in dyskerin do not markedly affect pre-RNP assembly
We first sought to analyze the assembly of the protein tetramer NAF1-dyskerin-NOP10-NHP2 in the presence of various dyskerin derivatives bearing mutations associated with DC: F36V (19), R158W and S280R (34), R322Q (35) , A353V (36), S420Y (37; A.B. Metzenberg, personal communication), as well as a D22C mutant lacking 22 amino acids at the Cterminus (38) . IPs against NAF1 were carried out on protein tetramers co-translated in RRL. To monitor the low-level background signals mediated by endogenous H/ACA proteins present in RRL (23), we used RRL translation mixtures in which the IP target was omitted. None of the tested dyskerin mutations affected tetramer formation (Fig. 1) . Note that the fuzzy migration of immunoprecipitated dyskerin was not observed with the D22C mutant, indicating that the deleted region is involved in this aberrant migration. The C-terminal end of dyskerin contains 9 lysine residues out of 22 amino acids (DSDTTKKKKKKKKAKEVELVSE). This high number of positive charges might not be sufficiently neutralized by the XT loading buffer that is used with Criterion XT Bis -Tris gels, and which does not contain SDS. In line with this assumption, input lanes did not show aberrant migration, probably because only a tiny fraction of the RRL mixture was diluted in XT loading buffer before electrophoresis (see Materials and Methods).
To determine if mutations in dyskerin could impair H/ACA pre-RNP formation, we analyzed their assembly with various 32 P-labeled RNAs incubated with the tetramer-programmed RRL before proceeding with NAF1 IPs. We first tested pre-RNP assembly with a telomerase RNA fragment that we named hTR204. This fragment extends from residue 204 to the 3 0 end (residue 451) of hTR, and encompasses the H/ ACA-like domain of hTR. This domain folds into a hairpinhinge-hairpin-tail structure that is characteristic of H/ACA sno/scaRNAs, and it contains the features that are essential to bind H/ACA proteins (9-13,39 -42) . Although it remains possible that portions of the pseudoknot domain of hTR could interact with H/ACA proteins, these regions would certainly play a very minor role in assembly of the H/ACA-like domain with H/ACA proteins. Indeed, competition experiments showed that deletion of the 5 0 half of hTR had no effect on the assembly of an H/ACA snoRNP, whereas a deletion of only 23 nucleotides at the 3 0 end of hTR abolished 826 Human Molecular Genetics, 2010, Vol. 19, No. 5 competition (39). Other sno/scaRNAs were also assayed for assembly with dyskerin mutants. These experiments showed no severe impairment of pre-RNP assembly with any of the RNAs tested (Fig. 2) . We observed repeatedly that mutant A353V caused a mild impairment of the assembly of hTR204 pre-RNP ( Fig. 2A) but did not affect the other H/ ACA RNAs tested (Fig. 2B ). Because NAF1 binds to U17 snoRNA independently of the protein trimer dyskerin-NOP10-NHP2 (23), we could not carry out NAF1 IPs to assess the assembly of U17 with the tetramer. To circumvent this problem, reconstitutions were done in the absence of NAF1 and we carried out IPs against HA-tagged NOP10, looking at RNPs assembled with the protein trimer dyskerin-NOP10-NHP2. This trimer is the minimal protein complex required to associate specifically with H/ACA RNAs (22, 23) . In this situation, we did not observe any obvious defects in U17 pre-RNP assembly with the dyskerin mutants tested (Fig. 2B) . Labeled RNAs from the IP supernatants were analyzed separately on denaturing polyacrylamide gels, and no degradation or difference in inputs was noted (data not shown).
DC-linked NHP2 mutations impair protein tetramer formation
Three DC mutations have been identified in NHP2: V126M, Y139H and X154R. Mutation X154R changes the termination codon into an arginine codon, and extends the open reading frame to produce a mutant NHP2 protein with a 51 amino acid extension at its C-terminus (21) . To investigate the possible assembly defects caused by these mutations, we first analyzed whether formation of the protein tetramer was affected. Wild-type NHP2 or its mutant derivatives were produced in RRL together with NOP10, dyskerin and NAF1, and NAF1 IPs were carried out. As seen in Figure 3A , mutants V126M and Y139H were not incorporated in the protein tetramer (compare the NHP2 signal in lanes 6 and 8 with that of lane 2). These results indicated that mutations V126M and Y139H impaired NHP2 binding to NOP10, which is essential for tetramer formation and subsequent RNP assembly (23, 29) . In line with these findings, pre-RNP formation with hTR204 and all other sno/scaRNAs was impaired in the programmed RRL mixtures ( Fig. 3B and C), indicating that addition of H/ACA RNAs to the RRL mixtures did not stimulate protein tetramer or RNP assembly. Labeled RNAs from the IP supernatants were analyzed separately on denaturing polyacrylamide gels, and no degradation or difference in inputs was observed (data not shown). It is worth noting that the effect of mutation V126M was less severe than that of mutation Y139H, even though protein expression levels were identical in both RRL mixtures (compare lanes 5 and 7). In marked contrast with V126M and Y139H mutants, the extension of 35 S signal, the dried gel was covered with a transparency prior to exposure to the phosphore screen. As in Figure 1 , omission of NAF1 in the RRL mixture was used as negative IP control to monitor the background RNA signal caused by endogenous proteins in RRL (lanes 3-4). (B) The RNA signal obtained from NAF1 IPs carried out with pre-RNPs reconstituted as in (A) with U92 scaRNA (upper panel) and U64 snoRNA (middle panel). The U17 snoRNA (lower panel) was assembled with RRL-programmed trimers of dyskerin-NOP10-NHP2 (indicated by an asterisk; see text for details). U17 RNPs were immunoprecipitated via HA-NOP10, and an RRL mixture lacking HA-NOP10 was used as negative control for HA IPs (lanes 3 -4). the C-terminus (X154R) had no apparent effect on tetramer formation (Fig. 3A, lane 10) or pre-RNP formation (see lane 10 in Fig. 3B and C).
Mutation R34W in NOP10 does not impair pre-RNP assembly of miRNA-encoding sno/scaRNAs
We analyzed protein tetramer formation and pre-RNP assembly with NOP10 bearing mutation R34W, the only causal mutation of DC that has been identified in NOP10 (20) . Protein tetramers were reconstituted in RRL using either wildtype NOP10 or its mutant derivative R34W, and we conducted NAF1 IPs to analyze protein -protein interactions. No defect in protein tetramer formation could be detected in our assays (Fig. 4A) . However, when the co-translated tetramers were incubated with 32 P-labeled hTR204 RNA, only background levels of hTR204 could be immunoprecipitated with the tetramer containing mutated NOP10 (Fig. 4B) , indicating that the R34W mutation causes a major defect in hTR204 pre-RNP assembly. Pre-RNP assembly with snoRNAs U17 and U64, and with the scaRNA U93 was also impaired by the NOP10 mutation R34W (Fig. 4C) . We noted that pre-RNP assembly of E2 snoRNA with wild-type proteins was extremely inefficient compared with other sno/scaRNAs tested (Fig. 4C, lane 2). In the case of E2, gels had to be over-exposed to detect co-immunoprecipitated E2 snoRNA, suggesting that E2 might be assembled in an atypical manner and could require additional factor(s) that are scarce in RRL. In any case, we did observe an impairment of E2 pre-RNP assembly caused by the NOP10 mutation R34W (compare lanes 4 and 6 in Fig. 4D) . Surprisingly, pre-RNP assembly with scaRNA U92 and snoRNA ACA36B was unaffected by the R34W mutation (Fig. 4C ). These two RNAs belong to a class of miRNA-encoding H/ACA RNAs (43) . Taken together, our results suggest that miRNA-encoding H/ACA RNAs assemble differently from 'classical' H/ACA sno/scaRNAs.
In silico modeling of 3D structures
To gain insight into the effect of DC mutations in NHP2 and NOP10 on the overall structure of the proteins, we carried out in silico 3D structure predictions using I-TASSER without specifying any template (44) (45) (46) . Confidence scores (C-scores) ranged from 25 to þ2: higher scores are attributed to models with higher confidence. The best prediction for wild-type NHP2 (C-score of 21.14) could be well superimposed on the structure of the homologous L7Ae (Fig. 5A ) observed in the crystal structure of Pyrococcus furiosus Figure 3 . Some DC mutations in NHP2 affect protein tetramer formation. (A) RRLs were programmed for labeled tetramers harboring either wild-type NHP2 or one of the three NHP2 mutants associated with DC: V126M, Y139H or X154R, which migrates higher in the gel (indicated by an arrowhead) due to the 51 amino acid extension at the C-terminus. Protein complexes were isolated by NAF1 IPs and analyzed as described in Figure 1. (B) The RRL programmed mixtures as in (A) were incubated with radiolabeled hTR204 before proceeding with IPs of NAF1 (see Fig. 2A for details). (C) Assembly of U92, U64 and U17 RNPs was also investigated in the context of NHP2 mutants (see Fig. 2B for details).
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Human 47) . According to 3D structure predictions, neither the V126M mutation (C-score of 20.99) nor the Y139H mutation (C-score of 20.92) appeared to induce evident structural changes within the protein, as shown in Figure 5B and C, respectively. To do the 3D structural predictions of wild-type NOP10 and the R34W mutant, certain observations were taken into consideration. It has been shown that the archaeal and yeast Nop10 become structured upon aCbf5 binding (48) . Moreover, the minimal eukaryotic protein complex able to bind H/ACA RNAs is the dyskerin-NOP10-NHP2 trimer. Therefore, in order to account for the steric interactions with other components of the RNP (47), we used the aNop10 structure of the sRNP as template for the modeling of human NOP10. Apart from the N-terminus that adopts a zinc ribbon in aNop10 compared with a beta-hairpin in eukaryotic NOP10, the rest of the protein is highly flexible. We know that aNop10 interacts with aCbf5 throughout its whole length and that this interface is highly conserved in eukaryotes. Thus, upon binding to dyskerin, NOP10 should adopt a conformation highly similar to that observed for aNop10 in the sRNP crystal, positioning residue R34 in a similar conformation in eukaryotic H/ACA RNPs. The best predicted structures of wild-type NOP10 (C-score of 0.01) and NOP10-R34W (C-score of 0.11) are shown superimposed on the structure of aNop10 from the sRNP (Fig. 5D and E) . Based on NOP10 structure predictions, the R34W mutation would only affect the residue at position 34 without perturbing the position of surrounding residues interacting with the RNA, aCbf5 or L7Ae. Fig. 2A ). The lower panel shows only the 32 P signal radiating from hTR204. (C) RNP assembly with radiolabeled U64, U17, U93, E2, ACA36B and U92 was also examined in the context of tetramers formed with NOP10-R34W, as in Figure 3C . (D) The protein gel used to analyze ACA36B and E2 pre-RNPs in (C) was overexposed (top panel). RNAs from each IP supernatant were extracted and separated on a denaturing polyacrylamide gel (lower panel).
DISCUSSION
The dynamic co-transcriptional assembly of H/ACA pre-RNPs in living cells is a well-orchestrated and efficient process (29) . Because pre-RNPs exist only transiently in vivo, our in vitro system was extremely useful to assess pre-RNP assembly in the context of DC mutations (23; this study). Assembly of H/ACA pre-RNPs is probably much more efficient in vivo, and we cannot exclude the possibility that, apart from the NAF1-dyskerin-NOP10-NHP2 tetramer, other factors may be required for effective H/ACA pre-RNP formation in living cells. Nevertheless, H/ACA pre-RNPs can be formed in our system, and the assembly is very specific (23) . This suggests that, if other factors are required, the RRL provides sufficient amounts of endogenous proteins to support constant pre-RNP assembly. It is important to stress that mutations that do perturb assembly of H/ACA RNPs can readily be detected with our in vitro system, whereas mutations having more subtle effects, or that become deleterious in downstream events, cannot.
DC mutations in dyskerin
One of the striking findings of our in vitro study is that none of the dyskerin mutations appeared to affect the formation of the protein tetramer NAF1-dyskerin-NOP10-NHP2 or pre-RNP formation. Because the PUA domain of archaeal aCbf5 and Figure 5 . In silico modeling of DC mutants. (A) The best 3D prediction of wild-type NHP2 obtained with I-TASSER (cyan) is superimposed on the structure of L7Ae (black) obtained from the sRNP crystal (2hvy) of P. furiosus (47) . For better discernment of the aNop10-L7Ae interface (orange) and a better view of the superimposed NHP2, we removed the atomic coordinates of aCbf5, aGar1 and the Afu46 sRNA hairpin from the sRNP structure. Residues V126 and Y139 of wild-type NHP2 are shown in yellow, and aNop10 is in blue. A 908 rotation of the left image is shown on the right. Predicted 3D models of NHP2 mutants V126M (B) and Y139H (C) are shown in red, and both models are superimposed on wild-type NHP2 as in the left and right images of (A), respectively. (D) Close-up view of aNop10 (blue) with Afu46 hairpin (orange) from the P. furiosus sRNP crystal onto which the predicted structure of wild-type NOP10 (cyan) was superimposed. For clarity, atomic coordinates of aCbf5, aGar1 and L7Ae were eliminated. Nucleotides C18 and C19 of Afu46 are in green and U32 and G33 are in grey. Hydrogen bonds formed between residue R34 of aNop10 and the RNA are shown by red dotted lines. (E) The predicted structure of DC mutant NOP10-R34W (red) is overlaid on the aNop10 structure, as in (D).
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Human Molecular Genetics, 2010, Vol. 19, No. 5 yeast Cbf5p interacts with the ACA box and the 3 0 -end of H/ ACA RNAs, it has been suggested that DC mutations in the PUA domain could weaken its interaction with H/ACA RNAs (47,49 -51) . Surprisingly, the mutation R322Q in the PUA domain had no apparent effect on pre-RNP assembly, while the most prevalent mutation A353V had a reproducible mild effect on pre-RNP assembly with the telomerase RNA fragment hTR204. In line with our results, a study with murine embryonic stem (ES) cells showed that the A353V mutation caused a severe decrease in the level of mouse telomerase RNA (mTR). Moreover, this mutation affected the levels of some but not all H/ACA snoRNAs, but none were decreased to the same extent as mTR (51) . Our results further show that telomerase pre-RNP assembly is more sensitive than other H/ACA pre-RNPs to the A353V mutation. The difference between the mild effect on hTR204 pre-RNP assembly and the severe reduction of mTR level in mouse ES cells may be explained by the decreased mRNA and protein levels of Dck1-A353V in those cells (51) . Indeed, such low levels might not be sufficient to maintain robust assembly of H/ACA RNPs. It is also possible that subtle defects in RNA -protein interactions can be tolerated in our simplified in vitro system, producing complete but incorrectly assembled pre-RNPs. Such defects could have more serious consequences in vivo.
DC mutations in NHP2
3D structure predictions made with I-TASSER did not show any major changes in the overall structure for both V126M and Y139H mutants ( Fig. 5B and C ). It appears that residues V126 and Y139 are involved in core packing and both residues are well conserved, indicating an important structural or stabilizing role in the protein. Residue V126 is positioned right above two a-helices that bind Nop10 (Fig. 5A) ; it is possible that the V126M mutation could interfere with the packing of these helices and destabilize the interaction with NOP10. A valine residue occupies this position in vertebrates, and is replaced by other hydrophobic residues in other eukaryotes, whereas a small polar residue (serine) is conserved in Archaea (Fig. 6A) . Y139 is also a core-packing residue, and it is conserved as a hydrophobic residue in all species. This residue has no obvious connection to Nop10 binding sites (Fig. 5A) . However, since it is involved in core packing, replacement with a positively charged histidine residue could interfere with the core packing/stability of NHP2 and consequently, this could affect NOP10 binding. We cannot exclude the possibility that the Y139H mutation could interfere with a chaperone needed to mediate the NHP2-NOP10 interaction.
Only two DC patients with NHP2 mutations have been identified to date. One individual is an NHP2-Y139H homozygote (family DCR096) and the second individual is an NHP2-V126M/X154R compound heterozygote (family DCR177) (21) . We showed that NHP2 binding to NOP10 is severely impaired by the Y139H mutation, and that no pre-RNP could be generated with hTR204. Since the binding of NHP2 to NOP10-dyskerin-NAF1 is a prerequisite for pre-RNP assembly (23) , and all four proteins are essential for hTR accumulation in vivo (24, 25, 30) , impairment of pre-telomerase RNP assembly would likely trigger the degradation of hTR in vivo, leading to critically short telomeres (21) . Furthermore, our results suggest that impairment of pre-RNP assembly may be generalized to most H/ACA RNAs in the DC NHP2-Y139H homozygote individual. Radical abrogation of pre-RNP assembly with all H/ACA RNAs may account for the greater variety of disorders presented by this individual compared with the DC V126M/ X154R heterozygote individual.
It was suggested that extending the C-terminus of NHP2 (mutant X154R) would interfere with its ability to bind the other H/ACA proteins or to form RNPs (21). However, there was no observable defect in protein complex or pre-RNP formation for this mutant in our assays. Since DC mutations in NHP2 are recessively transmitted, the defect caused by the extended C-terminus of NHP2 must therefore lie downstream in the biogenesis pathways of hTR and other H/ACA RNAs. On the other hand, the V126M mutation in NHP2 impaired its association with NOP10 and the formation of H/ACA pre-RNPs, but the effect was not as strong as that observed with the Y139H mutation. While the effect of NHP2-V126M could account for the reduction of pre-telomerase RNP levels in the compound heterozygote individual (21), our results imply that pre-RNPs are formed with the X154R mutant and that they may accumulate to a certain extent in vivo, possibly giving rise to fewer disorders than those seen in the NHP2-Y139H homozygote (21) .
DC mutation R34W in NOP10
The arginine residue at position 34 of NOP10 is conserved from archaebacteria to humans (Fig. 6B) , although a lysine is sometimes found at this position in Archaea (26, 47, 48, 52, 53) . In the crystal structure of P. furiosus H/ ACA sRNP, aNop10 residues R34, S36 and E38 interact with a single H/ACA hairpin derived from Afu46 (47) . R34 inserts into the major groove of the RNA helix above the pseudouridylation pocket, and forms hydrogen bonds with phosphates linking C18 to C19 and U32 to G33 (Fig. 5D) . Interestingly, the terminal loop of archaeal Afu46 stem-loop bears an unpaired uridine (U32) that is part of the K-turn motif recognized by L7Ae (47, 54) . This bulging U makes direct contacts with L7Ae, while aNop10 interacts with its phosphate (47, 55) . Unpaired uridines where found in similar positions in the terminal loop of human U64 (U103) and hTR (U418), and they could be a reminiscent feature of the K-turn motif (56) .
We showed that the R34W mutation caused no apparent defect in the formation of the protein tetramer, and that this RNA-interacting residue is crucial for pre-RNP assembly with hTR and other classical H/ACA sno/scaRNAs (Fig. 4) . Moreover, in silico modeling predicts that the R34 residue of eukaryotic Nop10 adopts the same conformation as that observed in the archaeal sRNP (Fig. 5D ). Taken together, these results suggest that loss of RNA-binding by the R34W mutation is due to the loss of cation interactions with classical H/ACA RNAs; the R34W mutation could prevent proper alignment of the RNA on the composite RNA-binding surface of dyskerin-NOP10-NHP2. Protein tetramers assembled with NOP10-R34W were unable to bind U64,
U17, U93, E2 or the H/ACA domain of hTR (Fig. 4) , and this could explain why the R34W mutation causes a decrease in hTR levels in vivo, leading to critically short telomeres in DC patients (20) .
Surprisingly, the NOP10 mutation R34W did not affect pre-RNP assembly with snoRNA ACA36B and scaRNA U92, both of which are miRNA-encoding RNAs (43) . Since their discovery in humans (43), miRNA-encoding H/ACA Figure 6 . Multiple alignments of NHP2 and NOP10 proteins from various organisms. The sequence of human NHP2 (NP_060308) (A) and NOP10 (NP_061118) (B) were compared with four vertebrate, five invertebrate and five archaeal homologues. They consist of Bos taurus (Bt; NP_001015626 and NP_001107993), Mus musculus (Mm; NP_080907 and NP_079679), Danio rerio (Dr; NP_997762 and NP_001003868), Xenopus laevis (Xl; NP_001084534) and Xenopus tropicalis (Xt; NP_001016163), Drosophila melanogaster (Dm; NP_651965 and NP_610610), Caenorhabditis elegans (Ce; NP_499415 and NP_492679), Arabidopsis thaliana (At; NP_196435 and NP_565472), Schizosaccharomyces pombe (Sp; NP_594717 and NP_593418), Saccharomyces cerevisiae (Sc; NP_010073 and NP_058135), Archaeoglobus fulgidus (Af; NP_069598 and NP_069362), Sulfolobus solfataricus (Ss; NP_341659 and NP_342525), Thermococcus kodakarensis (Tk; YP_183724 and YP_183514), Methanocaldococcus jannaschii (Mj; NP_248198 and NP_247081) and Pyrococcus furiosus (Pf; NP_579096 and NP_578870). The schematic secondary structure of L7Ae is that of (47), while those of archaeal aNop10 and yeast Nop10p were taken from (53) . Asterisks indicate the RNA interacting residues. Open and black circles indicate the aNop10-L7Ae and aNop10-aCbf5 interacting residues, respectively. DC mutations found in NHP2 and NOP10 are shown above the alignments.
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sno/scaRNAs have also been found in bovine, mouse, chicken and plants, as well as in Drosophila and fission yeast, indicating that they are conserved in all eukaryotes (57, 58) . Our results are pointing out structural differences in pre-RNP assembly between classical sno/scaRNAs and those that encode miRNAs, and suggest that assembly defects of classical H/ACA RNPs, but not of miRNA-encoding RNPs, may contribute to the variety of abnormalities observed in DC patients. Such structural differences may reflect the ability of DICER to generate miRNAs from certain H/ACA RNAs and not from others. It is not known whether miRNA-encoding H/ACA pre-RNPs assembled with NOP10-R34W can mature into functional pseudouridylating RNPs, or if active miRNAs can be generated from them by DICER. Targets for miRNAs encoded by scaRNA U92 and snoRNA ACA36B have not been identified. However, if active miRNAs were produced with the NOP10-R34W mutant, identification of their targets could help to pinpoint the different molecular pathways affected by the NHP2-V126M or Y139H mutants (which would affect most or all H/ACA RNPs), compared with the NOP10-R34W mutant that seems to spare miRNA-encoding H/ACA RNPs.
Significance to DC
One common feature observed in DC patients is a defect in telomere maintenance, indicating that all mutations causing DC can deregulate the telomere/telomerase pathway. This underscores the intimate link between telomere maintenance and DC (1). Dyskerin, NHP2 and NOP10 are essential components of telomerase, as well as H/ACA snoRNPs and scaRNPs, which are, respectively, required for pseudouridylation of rRNAs and snRNAs. The role of modified residues in those RNAs is not fully understood. However, pseudouridines appear to be important for rRNA stability and function (59 -62) , and for U2 snRNP assembly and function (63, 64) . Therefore, DC-causing mutations in H/ACA proteins could alter ribosome and spliceosome function, in addition to telomere maintenance. In the light of our results, we propose that some disorders observed in DC patients harboring mutations in either dyskerin, NOP10 or NHP2 may be related to different pathways of H/ACA RNPs in addition to that of telomerase. Indeed, while the assembly of hTR204 into a pre-RNP was more sensitive than other H/ACA RNAs to the dyskerin mutation A353V, mutations V126M and Y139H in NHP2 affected all H/ACA RNPs tested (including those encoding miRNAs), whereas the R34W mutation in NOP10 disturbed only 'classical' H/ACA pre-RNPs, but not those encoding miRNAs. This suggests that some disorders might be specific not only to telomerase but also to other H/ACA RNPs in certain patients. This view is supported by the observation that dyskerin mutations A353V and D22C affect the levels of mouse telomerase RNA and some but not all H/ACA snoRNAs in ES cells (51, 65) . Therefore, recessive DC mutations in dyskerin, NHP2 or NOP10 might affect the assembly of different H/ACA RNP populations in vivo. Our study is the first that clearly shows distinct assembly defects associated with DC-linked mutations in dyskerin, NHP2 and NOP10. This could open new avenues for screening and developing personalized small molecule therapeutics to treat DC.
MATERIALS AND METHODS

DNA constructs
The DNA constructs used for in vitro protein synthesis of wild-type human NAF1, NHP2 and NOP10 were described previously, as well as those encoding the H/ACA domain of human telomerase RNA (hTR204), the U17 snoRNA, the U92 scaRNA (23) and the snoRNAs E2 and U64 (39) .
The cDNA encoding the human scaRNA U93 (66,67) was amplified by PCR from HeLa cell genomic DNA with oligonucleotides U93-F (5 0 -CCGGAATTCAATCTGTAGTCTT GGAGCCGCA-3 0 ; EcoRI site is in bold letters) and U93-R (5 0 -GCCTCTAGAACTTGTGGCAGTACTTAGTGTTCAA-C-3 0 ; XbaI site is in bold letters), and cloned into the corresponding sites in pBluescript SK(2) to yield pBS-U93. The cDNA encoding the human snoRNA ACA36B (67, 68) was also amplified by PCR from HeLa genomic DNA with oligonucleotides ACA36B-F (5 0 -AAATTAATACGACTCACTA TAGGGAATTCCAAAGTGTTAAGTTCAGTTCAG-3 0 ; the T7 RNA polymerase promoter sequence is in bold letters) and ACA36B-R (5 0 -GGGAAGCTTTTTGTAGGCTGGGGA TAAATG-3 0 ; HindIII site is in bold letters). The PCR product was then phosphorylated with T4 PNK (New England Biolabs), cleaved with HindIII and cloned into SmaI/HindIII sites of pUC19, yielding pACA36B.
The cDNA encoding human dyskerin was amplified by PCR with pcDNA-DKC1 as template (26) using oligonucleotides BamHI-DKC1-for (5 0 -GGGGATCCGGAGAATTTGTATTTT CAGGGTGCGGATGCGGAAGTAATTAT-3 0 ) and HindIII-DKC1-rev (5 0 -TGGGAAGCTTCTACTCAGAAACCAATTC TACCTCT-3 0 ) in order to add BamHI and HindIII restriction sites at the 5 0 and 3 0 end, respectively. The PCR product was inserted into the corresponding sites of pRSF-Duet (Novagen) to generate pRSF-DKC1. Site-directed mutagenesis (69) of dyskerin cDNA was performed by PCR with pRSF-DKC1 as template to generate the DC dyskerin mutants F36V, R158W, R322Q, A353V and S420Y. Single PCR amplification was performed on the pRSF-DKC1 template to obtain the 22 amino acid deletion at the C-terminus of dyskerin (D22C). We used the AlwNI restriction site present in the dyskerin cDNA at position 808-816 to generate smaller mutated cDNA fragments. The dyskerin DC mutations located in the 5 0 cDNA fragment (F36A and R158W) were obtained by cutting the mutated PCR cDNA fragment with NcoI and AlwNI, and exchanging them with the corresponding fragment in pRSF-DKC1, generating pRSF-DKC1-F36V and pRSF-DKC1-R158W. As for the mutations located in the 3 0 cDNA fragment (S280R, R322Q, A353V, S420Y and the C-terminal deletion), mutagenized PCR cDNA fragments were cut with AlwNI and NotI, and were also exchanged with the corresponding cDNA fragment in pRSF-DKC1 to generate pRSF-DKC1-S280R, pRSF-DKC1-R322Q, pRSF-DKC1-A353V, pRSF-DKC1-S420Y and pRSF-DKC1-D22C. Similarly, site-directed mutagenesis was performed on pGAD-NOP10 (23) to create the DC NOP10 mutant R34W cDNA, and on pNHP2 (23) 
In vitro transcription of radiolabeled RNAs
All plasmids used for in vitro transcription were linearized with the proper restriction enzymes, as described previously (23), and with HindIII (for E2 and ACA36B) or XbaI (for U93). Radiolabeled hTR204, U92, U93, U64, U17 were synthesized with T7 RNA polymerase (Ambion) or T3 RNA polymerase for the E2 RNA (Ambion) in a mixture (20 ml) containing 1.5 mg of linearized DNA template, 40 mM TrisHCl (pH 7.9), 7.5 mM MgCl 2 , 10 mM dithiothreitol, 10 mM NaCl, 2 mM spermidine, 0.5 mM ATP, 0.5 mM CTP, 0.11 mM GTP, 0.5 mM UTP, 16 U of RNasin (Promega) and 20 mCi of [a-32 P]CTP (800 Ci/mmol; PerkinElmer). Reactions were stopped by adding one-tenth volume of 0.5 M EDTA, pH 8.0, to the mixtures. RNAs were then purified on denaturing polyacrylamide gels and eluted in 400 ml of NH 4 OAc 0.5 M, Mg(OAc) 2 10 mM, EDTA 1 mM and 0.1% SDS. Eluted RNAs were extracted with phenol -chloroform and ethanol precipitated in the presence of glycogen (20 mg). Pellets were dissolved in 40 ml of H 2 O and counted (23) .
In vitro protein synthesis, RNP assembly and IPs
Protein synthesis, RNP assembly, IPs and the analysis of complexes were done essentially as described previously (23) . Briefly, protein mixtures were synthesized with the TNT T7-Quick coupled Transcription/Translation System (Promega), using 20 ml of rabbit reticulocyte lysate (RRL) and 11 mCi of [ 35 S]-EXPRE 35 S 35 S Protein Labeling Mix (PerkinElmer) in a final volume of 25 ml for 90 min at 308C. The TNT mixtures were then clarified by centrifugation at 14 000g for 10 min at room temperature. Before proceeding with IPs or pre-RNP assembly, a 1-ml aliquot was retrieved for analysis of input proteins. Formation of pre-RNPs was done by incubating 100 000 cpm of radiolabeled RNAs with 24 ml of clarified TNT mixtures for 30 min at 308C. These mixtures were centrifuged for 10 min at 14 000g before the IPs. Protein or RNP mixtures were diluted 20 times in IP buffer containing 20 mM HEPES (pH 7.9), 150 mM NaCl, 2 mM MgCl 2 , 0.1% NP-40 and Complete EDTA-free protease inhibitor cocktail (Roche) and incubated on a nutator at room temperature for 1 h with 25 ml of protein A-agarose beads (Roche), which had previously been saturated with rabbit antibodies against human NAF1 (30) or with 12CA5 anti-HA mouse monoclonal antibody, when required. The beads were always centrifuged at 800g for 1 min. Immunoprecipitates were washed five times with 1 ml of IP buffer, and eluted by heating the beads at 908C for 3 min in 30 ml of XT loading buffer containing reducing agent (Bio-Rad). Heated samples were gently mixed before centrifugation, and 25 ml of the mixtures were loaded on Criterion XT Bis -Tris 4 -12% gradient polyacrylamide gels (Bio-Rad).
For analysis of input proteins, the 1 ml aliquots of TNT reactions were diluted in 25 ml XT loading buffer.
In silico structure predictions and multiple sequence alignments Protein structure predictions were generated by I-TASSER on Zhang-Server http://zhang.bioinformatics.ku.edu/I-TASSER/ (44 -46) . Images of superimposed structures were produced with PyMOL software (DeLano Scientific LLC) using the I-TASSER generated PDB files. Multiple sequence alignments of NHP2 and NOP10 from various organisms were done with ProbCons (70), and residues showing over 40 and 30% homology for NHP2 and NOP10, respectively, were shaded with Box Shade 3.21.
